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(57) ABSTRACT 

A System for tracking a probe within an area of operations 
Such as a patient's body comprises a set of primary radiators 
disposed at known locations. The primary radiators are 
driven by a control unit to track the positions of a plurality 
of Secondary radiators with respect to the primary radiators. 
The Secondary radiators are optionally movable, and are 
driven to track the position of the probe with respect to the 
Secondary radiators. A calculation is performed to determine 
the corresponding position of the probe with respect to the 
fixed locations. Radiators at each level of the hierarchy 
generate fields that are locally optimized for detection by the 
next level of the hierarchy and for the minimization of 
interference by nearby metallic objects. The System is also 
capable of determining the angular alignment of the probe 
with respect to a known coordinate System. 
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HIGH-GRADIENT RECURSIVE LOCATING 
SYSTEM 

BACKGROUND OF THE INVENTION 

0001) 1. Field of the Invention 
0002 This invention relates to systems for determining 
the location and orientation of a probe. More particularly 
this invention relates to the use of a probe in conjunction 
with reference field transducers to detect the position, ori 
entation, or both of the probe. 
0003 2. Description of the Related Art 
0004 Conventional Surgical procedures involve cutting 
through bodily Structures to expose a lesion or organ within 
the body for treatment. Because these procedures create 
considerable trauma to the patient, minimally invasive pro 
cedures have been developed, using probes inserted into the 
body through body orifices or through small holes to treat or 
measure Structures within the body. For example, endo 
Scopes include an elongated body having a distal end and a 
proximal end. The distal end of the probe body can be 
inserted into the gastrointestinal tract through a body orifice. 
The endoscope may be equipped with optical devices, Such 
as cameras or fiber optics, to permit observation of the 
tissues Surrounding the distal end. Surgery may be per 
formed by inserting and maneuvering Surgical instruments 
through a channel in the endoscope body. Other specialized 
probes, Such as laparoscopes and arthroScopes, are inserted 
into the body through Small holes formed in Surrounding 
tissues to reach the bodily Structures to be treated or mea 
Sured. Still other probes, Such as catheters, can be advanced 
through the vascular System, as through a vein or artery, or 
through other bodily passages Such as the urinary tract. In 
non-medical fields, probes Such as borescopes have wide 
industrial application. 
0005 The physician can guide the probe to the desired 
location within the body by feel or by continuously imaging 
the probe and the body, as by fluoroscopy, during the 
procedure. Where the probe includes optical elements, the 
physician can guide the probe based on visual observation of 
the tissues Surrounding the distal tip of the probe. However, 
this option is available only for probes Such as conventional 
endoscopes, which are large enough to accommodate the 
optical elements. Moreover, optical guidance normally is 
useful only where the distal tip of the probe is disposed 
within a hollow Viscus, it is not normally useful in guiding 
the probe within solid or semisolid tissues. 
0006. It is known to determine the position and orienta 
tion of a probe in the body using one or more field trans 
ducers, Such as Hall effect devices, magnetoresistive 
devices, coils or other antennas, which are typically located 
at or adjacent the distal end of the probe or at a precisely 
known location relative to the distal end of the probe. Such 
Systems further utilize one or more reference field transduc 
erS disposed outside the body to provide an external frame 
of reference. The reference field transducers are operative to 
transmit or detect non-ionizing fields or field components 
Such as magnetic fields, electromagnetic radiation or acous 
tical energy Such as ultraSonic vibration. By transmitting 
fields between the external reference field transducers and 
the probe field transducers, characteristics of the field trans 
missions between these devices can be determined and then 
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used to determine the position and orientation of the probe 
in the external frame of reference. The frame of reference of 
the external field transducers can be registered with the 
frame of reference of imaging data Such as magnetic reso 
nance imaging data, computerized axial tomographic (CAT) 
data, or conventional X-ray imaging data, and position and 
orientation data derived from the System can be displayed as 
a representation of the probe Superimposed on an image of 
the patient's body. The physician can use this information to 
guide the probe to the desired location within the patient's 
body, and to monitor its location and orientation during 
treatment or measurement of the internal body Structure. 
This arrangement greatly enhances the ability of the physi 
cian to navigate the distal end of the probe through bodily 
Structures, offering Significant advantages over conventional 
methods of navigating probes within the body by feel alone. 
Because it does not require acquiring an optical image of the 
Surrounding tissues for navigation purposes, this technique 
can be used with probes that are too small to accommodate 
optical elements. These transducer-based Systems also avoid 
the difficulties associated with navigation of a probe by 
continuous imaging of the probe and patient during the 
procedure and avoid certain hazards, for example, prolonged 
exposure to ionizing radiation inherent in fluoroscopic Sys 
temS. 

0007. The reference field transducers or coils in Such 
magnetic position detection Systems are typically provided 
in a fixed, immovable array, in locations Such as on the 
ceiling of an operating room or rigidly fixed to the operating 
or catheterization table. In medical applications, where the 
System is used to track the location of a probe inside the 
body of a patient, the coil mounting may interfere with free 
acceSS by the physician to the patient. 

0008 International Publication WO 97/29685, entitled, 
“Independently Positionable Transducers for Location Sys 
tem,” and International Publication WO 97/29683, entitled, 
“Movable Transmit or Receive Coils for Location System,” 
describe a System for determining the position of a probe 
within the body of a patient. The disclosures of these 
publications are incorporated herein by reference. The SyS 
tem they describe includes a probe having probe field 
transducers and a plurality of reference field transducers. 
The reference field transducers are independently moveable 
with respect to one another to desired positions close to the 
body of the patient. Calibration transducers determine the 
relative position of the field transducers with respect to one 
another after they have been placed in their desired posi 
tions. Non-ionizing fields are transmitted and detected 
between the probe and the reference field transducers. From 
the detected fields, the relative position of the probe with 
respect to the reference field transducers is determined. 
0009. In the International Publication WO 97/29683, a 
radiator including one or more miniature field transducers is 
placed in proximity to a patient. The radiator is Small and 
does not Substantially obstruct access of a physician to the 
patient's body. However, the radiator has a Small detection 
Volume due to the miniature Size of the transducers. There 
fore, it is taught to use a moveable radiator, which can be 
repositioned, during Surgery. One or more reference ele 
ments are attached to the patient's body. The reference 
elements are generally used to register the position of a 
surgical tool or probe with the body. In addition, when the 
radiator is moved, the reference elements are necessary in 
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order to establish the position of the radiator with respect to 
the frame of reference of the patient’s body. 

0.010 The size of the detection volume is generally 
dependent on the size of the radiators or receivers. In Some 
types of Surgery, Such as back Surgery, the sizes of the 
radiators and of the detection Volume may cause limitations 
on the Surgery. Large radiators may interfere with the 
movements of a physician or other medical-Staff member, 
and resolution may be relatively low. Small radiators, which 
do not occupy much space, may enjoy high resolution, but 
generally do not have an adequate detection volume. 
0.011) To compensate, the system disclosed in the above 
noted International Publication WO 97/29683 includes a 
plurality of radiators, which are used to determine the 
positions of multiple Sensors. Using multiple Sensors per 
mits the use of Small radiators, each having a relatively Small 
detection Volume. This approach increases the resolution of 
position determination. 

0012 International Publication WO 98/35720, entitled, 
“X-ray Guided Surgical Location System with Extended 
Mapping Volume', whose disclosure is incorporated herein 
by reference, discloses a locating System Suitable for medi 
cal applications, which includes a coordinate Sensing device, 
preferably adjacent the proximal end of a Surgical instru 
ment or tool. A reference element likewise includes a 
coordinate Sensing device, preferably similar to that of the 
tool, and at least three X-ray fiducial marks, in known 
positions relative to the Sensing device on the element. The 
fiducial marks are placed so as to fully define the position 
and orientation of the element, and thus of the Sensing 
device thereon, in X-ray images thereof. The System 
includes one or more miniature magnetic field transducers, 
preferably radiators, which are moveable with respect to the 
patient. 

0013 Each of the coordinate sensing devices comprises 
one or more magnetic field-responsive coils, which generate 
electrical signals in response to an externally applied mag 
netic field generated by one or more radiators. The Signals 
generated by the coils are processed to determine Six 
dimensional position and orientation coordinates of both the 
tool and the reference element relative to a reference frame 
based on a common Set of magnetic field radiators posi 
tioned in proximity to the patient's body. It is known to 
construct the coordinate Sensing device as a fixed location 
pad, typically mounted beneath the patient. Such location 
pads are available as a component of the CARTOTM System, 
available from Biosense Webster, Inc., 3333 Diamond Can 
yon Road, Diamond Bar, Calif. 91765, U.S.A. 
0.014. The radiators and receivers, positioned about the 
patient, transmit fields to and/or receive fields from the 
Sensor. Each radiator or receiver has a characteristic “detec 
tion volume”, in which the fields have sufficient strength in 
order to generate a strong enough Signal in conjunction with 
the Sensor, Such that the location of the Surgical tool can be 
determined to a desired level of accuracy. The reference 
elements are placed on the body in a Sufficient density Such 
that for every desired position of the radiator relative to the 
body, at least one of the reference elements is situated within 
the detection volume of the radiator. 

0.015. As noted above, the position sensing system may 
be used to register the position of the tool with previously 
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acquired tomographic or magnetic resonance imaging 
(MRI) images. But Surgeons are generally unwilling to rely 
only on prerecorded imageS. In addition to being cumber 
Some, there is a risk of change in critical anatomic relation 
ships between the time the image was recorded, and perfor 
mance of the medical procedure. 
0016. Therefore, in addition to the use of a reference 
frame or reference points and position Sensors to track a 
Surgical tool, fluoroscopic X-ray imaging has been used to 
verify that the tool is indeed at the position indicated by the 
position Sensors. This verification is needed, inter alia, to 
ensure that the frame of reference has not shifted relative to 
the patient's anatomy, and that the position readings from 
the position Sensors have not drifted. An error in the angle 
and depth of penetration of a Surgical tool can clearly have 
devastating consequences. However, as mentioned above, 
fluoroscopy has known disadvantages, including radiation 
hazard to the medical Staff and the patient. 
0017. It would therefore be desirable to enhance the 
accuracy and efficacy of probe tracking Systems as described 
above, and other types of Systems involving application of 
electromagnetic or other non-ionizing energy fields to a 
human body, by adjusting and optimizing the positions of 
the field transducers. 

SUMMARY OF THE INVENTION 

0018. It is therefore a primary object of some aspects of 
the present invention to increase the accuracy of a locating 
system for a probe. 
0019. It is another object of some aspects of the present 
invention to increase the reliability of a locating System by 
reducing interference by metallic objects. 
0020. These and other objects of the present invention are 
attained by a System for tracking a probe within an area of 
operation, for instance a patient's body. The System com 
prises a set of primary radiators disposed at fixed locations. 
The primary radiators are driven by a control unit to track 
the positions of a plurality of Secondary radiators with 
respect to the primary radiators. The Secondary radiators are 
optionally movable, and are driven to track the position of 
the probe with respect to the Secondary radiators. A calcu 
lation is then performed to determine the corresponding 
position of the probe with respect to the fixed locations of 
the primary radiators. The recursive use of a hierarchy of 
radiators enhances accuracy and reliability of the locating 
System. Radiators at each level of the hierarchy generate 
fields that are locally optimized for detection by the next 
level of the hierarchy, and for the minimization of interfer 
ence by nearby metallic objects. The System is also capable 
of determining the angular alignment of the probe with 
respect to a reference coordinate System. 
0021. The invention provides a method for locating a 
field probe, which is performed by disposing a first group of 
first field elements at known locations, disposing a Second 
group of Second field elements within an operational Space 
of the first field elements, and disposing the field probe 
within an operational Space of the Second field elements. A 
first transmitting Section is defined by one of a portion of the 
first group and the Second group. A first receiving Section is 
defined by another portion of the first group of the Second 
group. At least one of the first transmitting Section and the 
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first receiving Section has at least two members. A Second 
transmitting Section is defined by one of the Second group 
and the field probe. A Second receiving Section is defined by 
another of the second group and the field probe. The method 
includes actuating the first transmitting Section and the first 
receiving Section to produce at least one first generated field, 
and includes making a first measurement of the first gener 
ated field in the first receiving Section. Responsive to the first 
measurement a first estimated location of each member of 
the first transmitting Section is calculated relative to each 
member of the first receiving section. The method includes 
actuating the Second transmitting Section and the Second 
receiving Section to produce at least one Second generated 
field, and includes making a Second measurement of the 
Second generated field in the Second receiving Section. 
Responsive to the Second measurement a Second estimated 
location of each member of the Second transmitting Section 
is calculated relative to each member of the Second receiving 
Section. The first estimated location and the Second esti 
mated location are used to calculate a location of the field 
probe relative to the first field elements. 
0022. An aspect of the method includes repeating the 
Steps of making the first measurement, and calculating the 
first estimated location until the first estimated location of 
each of the first field elements to one of the second field 
elements has been calculated. 

0023. Another aspect of the method includes repeating 
the Steps of making the first measurement, and calculating 
the first estimated location until the first estimated location 
of each of the first field elements to each of the second field 
elements has been calculated. 

0024. An additional aspect of the method includes repeat 
ing the Steps of making the Second measurement, and 
calculating the Second estimated location, until the Second 
estimated location of each of the Second field elements 
relative to the field probe has been calculated. 
0.025 According to another aspect of the method, the first 
generated field and the Second generated field are magnetic 
fields. 

0026. According to yet another aspect of the method, the 
first measurement and the Second measurement are field 
Strength measurements. 

0.027 A further aspect of the method includes determin 
ing an orientation of the first generated field, and using the 
orientation to calculate a directional orientation of the field 
probe with respect to the first field elements. 
0028. According to yet another aspect of the method, the 

first group has three first field elements, and the Second 
group has three the Second field elements. 
0029. According to still another aspect of the method, the 
field gradient of the Second generated field exceeds the field 
gradient of the first generated field. 

0.030. According to an additional aspect of the method, 
the field strength of the first generated field exceeds the field 
Strength of the Second generated field. 

0031. In one aspect of the method, the second field 
elements are disposed in a region located between the field 
probe and the first field elements. 
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0032. The invention provides a method for locating a 
field probe, which includes disposing a plurality of first field 
generating elements at known locations, disposing a plural 
ity of Second field generating elements within an operational 
Space of the first field generating elements, disposing the 
field probe in an operational Space of the Second field 
generating elements, energizing each of the Second field 
generating elements and making first measurements of 
respective first generated fields thereof at the field probe. 
Responsive to the first measurements a first position of the 
field probe is calculated relative to the Second field gener 
ating elements. The method includes energizing each of the 
first field generating elements, and making Second measure 
ments of respective Second generated fields thereof in the 
Second field generating elements. Responsive to the Second 
measurements respective Second positions of the Second 
field generating elements relative to the first field generating 
elements are calculated. The first position and the Second 
positions are used to calculate a location of the field probe 
relative to the known locations. 

0033. An aspect of the method includes repeating the 
Steps of energizing the first field generating elements, ener 
gizing the Second field generating elements, making first 
measurements, making Second measurements, and recalcu 
lating the Second positions until a new estimate of the 
location of the field probe matches a previous estimate of the 
location of the field probe within a preselected tolerance. 
0034. According to still another aspect of the method, the 

first measurements and the Second measurements comprise 
field strength measurements. 
0035 A further aspect of the method first measurements 
are made by determining an orientation of the first generated 
fields, and using the orientation of the first generated fields 
to calculate an angular orientation of the field probe with 
respect to the first field generating elements. 
0036). According to an additional aspect of the method, 
there are three first field generating elements, and three 
Second field generating elements. 
0037 According to one aspect of the method, the field 
gradients of the Second generated fields exceed the field 
gradients of the first generated fields. 

0038 According to another aspect of the method, the 
field strengths of the first generated fields exceed the field 
Strengths of the Second generated fields. 

0039. In a further aspect of the method the second field 
generating elements are disposed in a region located 
between the field probe and the first field generating ele 
mentS. 

0040. The invention provides an apparatus for locating an 
object, including a plurality of first field generating elements 
disposed at known locations, a plurality of Second field 
generating elements disposed within an operational Space of 
the first field generating elements, a field probe attached to 
the object, and an energizer for energizing the first field 
generating elements and the Second field generating ele 
ments in a desired Sequence to generate respective first 
generated fields and Second generated fields. A first Signal is 
generated by the field probe responsive to the Second 
generated fields. A Second Signal is generated by the Second 
field generating elements responsive to the first generated 
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fields. A calculator is coupled to receive and process the first 
Signal, So as to determine a first position of the field probe 
with respect to the Second field generating elements, and to 
receive and process the Second Signal, So as to determine 
Second positions of the Second field generating elements 
relative to the first field generating elements. The calculator 
is adapted to calculate a location of the object relative to the 
known locations based on the first position and the Second 
positions. 
0041 According to an aspect of the apparatus, the cal 
culator is further adapted to calculate an angular orientation 
of the field probe responsive to the first signal and the Second 
Signal. 
0042. According to still another aspect of the apparatus, 
there are three first field generating elements and three 
Second field generating elements. 
0.043 According to an additional aspect of the apparatus, 
the field gradient of the Second generated fields exceeds the 
field gradient of the first generated fields. 
0044 According to one aspect of the apparatus, the field 
Strength of the first generated fields exceeds the field 
Strength of the Second generated fields. 
0.045 According to another aspect of the apparatus, the 
Second field generating elements are disposed in a region 
located between the field probe and the first field generating 
elements. 

0046. In a further aspect of the apparatus a transmitter is 
connected to the Second field generating elements, wherein 
an output of the Second field generating elements is com 
municated to the calculator via a wireleSS channel. 

0047 According to yet another aspect of the apparatus, 
the first field generating elements and the Second field 
generating elements are coils, which are adapted to generate 
magnetic fields when energized. 
0.048. According to one aspect of the apparatus, the coils 
of the first field generating elements are larger in diameter 
than the coils of the Second field generating elements. 
0049. The invention provides a method for locating a 
field probe in a body of a living Subject, which includes 
disposing a plurality of first field elements at known loca 
tions. The first field elements are capable of Sensing fields. 
The method includes disposing a plurality of Second field 
elements within an operational Space of the first field ele 
ments. The Second field elements are capable of generating 
fields. The first field elements and the second field elements 
are disposed external to the body. The method includes 
disposing the field probe in an operational Space of the 
second field elements inside the body. The field probe is 
capable of Sensing fields. The method includes energizing 
each of the Second field elements and making first measure 
ments of respective generated fields thereof at the field 
probe, and making Second measurements of the respective 
generated fields at each of the first field elements. Respon 
sive to the first measurements a first position of the field 
probe is calculated relative to the Second field elements. 
Responsive to the Second measurements respective Second 
positions of the Second field elements are calculated relative 
to the first field elements. The first position and the second 
positions are used to calculate a location of the field probe 
relative to the known locations. 
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0050. According to an aspect of the method, the fields are 
magnetic fields. 
0051 Still another aspect of the method includes repeat 
ing the Steps of energizing, making the first measurements, 
and making the Second measurements, and recalculating the 
location of the field probe until a new estimate of the 
location of the field probe matches a previous estimate of the 
location of the field probe within a preselected tolerance. 
0052 According to an additional aspect of the method, 
the first measurements and the Second measurements are 
field strength measurements. 
0053) One aspect of the method includes determining an 
orientation of the generated fields, and using the orientation 
to calculate an angular alignment of the field probe with 
respect to the first field elements. 
0054 According to another aspect of the method, there 
are three first field elements, and three Second field elements. 
0055. In a further aspect of the method the second field 
elements are disposed in a region located between the field 
probe and the first field elements. 
0056. The invention provides a method for locating a 
field probe in a body of a living subject, wherein the field 
probe is a medical instrument having a Sensor attached 
thereon. The method includes disposing a plurality of first 
field generating elements at known locations external to the 
body, disposing a plurality of Second field generating ele 
ments external to the body and within an operational Space 
of the first field generating elements. The second field 
generating elements is capable of Sensing fields. The method 
includes disposing the field probe in an operational Space of 
the Second field generating elements inside the body, ener 
gizing each of the Second field generating elements, and 
making first measurements of respective first generated 
fields thereof at the field probe. Responsive to the first 
measurements a first position of the field probe is calculated 
relative to the Second field generating elements. The method 
includes energizing each of the first field generating ele 
ments, and making Second measurements of respective 
Second generated fields thereof in the Second field generat 
ing elements. Responsive to the Second measurements 
respective Second positions of the Second field generating 
elements are calculated relative to the first field generating 
elements. The first position and the Second positions are 
used to calculate a location of the field probe relative to the 
known locations. 

0057 The invention provides an apparatus for locating an 
object within a body of a living Subject, including a plurality 
of first field generating elements disposed at known loca 
tions external to the body, a plurality of Second field gen 
erating elements disposed external to the body and within an 
operational Space of the first field generating elements, a 
field Sensor attached to the object, and an energizer for 
energizing the first field generating elements and the Second 
field generating elements in a desired Sequence to generate 
respective first generated fields and Second generated fields. 
A first signal is generated by the field Sensor responsive to 
the Second generated fields, and a Second Signal is generated 
by the Second field generating elements responsive to the 
first generated fields. A calculator is coupled to receive and 
process the first Signal So as to determine a first position of 
the field Sensor with respect to the Second field generating 
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elements, and to receive and process the Second Signal So as 
to determine Second positions of the Second field generating 
elements relative to the first field generating elements, and 
is adapted to calculate a location of the object inside the 
body relative to the known locations based on the first 
position and the Second positions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0.058 For a better understanding of these and other 
objects of the present invention, reference is made to the 
detailed description of the invention, by way of example, 
which is to be read in conjunction with the following 
drawings, wherein: 
0059 FIG. 1 is a perspective view of a system that is 
constructed and operative in accordance with a preferred 
embodiment of the invention in relation to a human patient; 
0060 FIG. 2 schematically illustrates the general struc 
ture of a radiator arrangement, which is operative as the 
primary radiators or the Secondary radiators in the System 
shown in FIG. 1; and 
0061 FIG. 3 is a flow chart illustrating a method of 
locating a probe in accordance with a preferred embodiment 
of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

0.062. In the following description, numerous specific 
details are set forth in order to provide a thorough under 
Standing of the present invention. It will be apparent to one 
skilled in the art, however, that the present invention may be 
practiced without these Specific details. In other instances 
well-known circuits, and control logic have not been shown 
in detail in order not to unnecessarily obscure the present 
invention. 

0.063 Turning now to the drawings, reference is made to 
FIG. 1, which is a perspective view of a system that is 
constructed and operative in accordance with a preferred 
embodiment of the invention. While the preferred embodi 
ment of the invention is disclosed with respect to a medical 
application, the invention is not limited to medical uses, and 
can be used in many non-medical fields. 
0064. A system 10 is provided for tracking a probe 12, 
Such as a catheter, within an area of operations 14 in a 
patient's body 16. The body 16 is supported by an operating 
table 18. The probe 12 is provided with a field sensor 20, 
which generates a Signal in response to externally applied 
magnetic fields, as described further hereinbelow. Prefer 
ably, the field Sensor 20 comprises a miniature magnetic 
field-responsive coil or a plurality of Such coils, as described 
in International Patent Publication WO 96/05768, which is 
incorporated herein by reference. In Some embodiments, the 
field Sensor 20 is equipped with a programmable microcir 
cuit, having calibration data recorded therein, as disclosed in 
U.S. Pat. No. 6,266,551, which is herein incorporated by 
reference. 

0065. The system 10 includes a set of primary radiators 
22 disposed at fixed locations, referenced to a coordinate 
System 24. The primary radiators 22 are driven under control 
of a control unit 26 to track the positions of a Set of 
secondary radiators 28 relative to the fixed locations of the 
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primary radiators 22. The secondary radiators 28 are driven 
under control of the control unit 26 to track the position of 
the field sensor 20 in the probe 12 with respect to the 
Secondary radiators 28. A calculation is then performed to 
determine the corresponding position of the probe 12 with 
respect to the fixed locations of the primary radiators 22. The 
primary radiatorS 22 and the Secondary radiators 28 all 
include field transducers, which are typically coils or other 
antennas. The various ones of the primary radiatorS 22 and 
the secondary radiators 28 and the field transducers of the 
probe 12 can be multiplexed using frequency-division mul 
tiplexing, code diversity multiplexing, or time division mul 
tiplexing, as well as combinations of these multiplexing 
Schemes. Radiators Suitable for use in the primary radiators 
22 and the secondary radiators 28 are disclosed in the 
above-noted patent documents WO 97/29685, and WO 
97/29683. Further information regarding useful radiator 
designs is provided in the above-noted patent document WO 
96/05768. 

0066. The control unit 26 consists of a computer 30 and 
a display unit 32. The control unit 26 is connected to a field 
transmitting and receiving device 34 by a lead 36. The field 
transmitting and receiving device 34 is an energizer that 
implements instructions of the control unit 26 to drive the 
primary radiatorS 22 using a cable 38 and the Secondary 
radiators 28 using leads 40. The field transmitting and 
receiving device 34 also receives Signals from the primary 
radiators 22, secondary radiators 28 and the field sensor 20, 
and relays them back to the control unit 26. 
0067. When the primary radiators are operating and gen 
erating fields, a current is caused to flow in the Secondary 
radiators 28. Responsive to the induced current, a signal is 
sent from each of the secondary radiators 28 to the control 
unit 26 over leads 40. The computer 30 of the control unit 
26 analyzes the Signals to determine the positions of the 
Secondary radiators 28 with respect to the primary radiators 
22. Then, the field transmitting and receiving device 34 
Sends a driving current through the Secondary radiators 28, 
causing them to generate fields. The field Sensor 20 responds 
to the fields generated by the secondary radiators 28. The 
output of the field sensor 20 is transmitted to the control unit 
26. The computer 30 then calculates the position of the field 
sensor 20 with respect to the secondary radiators 28, and 
ultimately with respect to the primary radiators 22. For 
purposes of the calculation, the term “position' means either 
or both the location of the field sensor 20 in space and its 
directional orientation, depending on the application. The 
System 10 is capable of determining 3-dimensional Spatial 
coordinates of the field Sensor 20, its angular azimuth and 
elevation coordinates, and its roll angle about its major axis. 
AS noted, there are two independent measurements of loca 
tion, each of which may be accomplished, for example, 
using the method disclosed in the International Patent Pub 
lication WO 94/04938, which is incorporated herein by 
reference. The directional orientation of the field sensor 20 
is optionally determined. 
0068. It is equally possible to reverse the role of the field 
sensor 20 and the secondary radiators 28. In such embodi 
ments a Single magnetic field is produced by a field genera 
tor that replaces the field Sensor 20, and the Secondary 
radiators 28 are replaced by field sensors that sense the 
strength and orientation of the field from different locations. 
The terms "actuating and “actuation' as used herein means 
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that those elements having the role of field generators are 
energized to generate fields, and those elements having the 
role of Sensors are energized to Sense the fields. 
0069. It will be apparent that the secondary radiators 28 
operate in two modes: in a Sensing mode, responsive to the 
primary radiators 22, and in a driving mode. In Some 
applications, where allowed by governing limitations in the 
gradient and intensity of the magnetic fields, it may be more 
efficient to operate the Secondary radiators 28 only in a 
driving mode. The primary radiatorS 22 thereupon operate in 
a Sensing mode, and the location of the primary radiators 22 
relative to the Secondary radiators 28 can be calculated as 
described. The field Sensor 20 also generates a signal respon 
sive to the fields produced by the secondary radiators 28, and 
its location relative to the Secondary radiators 28 can be 
calculated by the computer 30. Then the position of the field 
sensor 20 relative to the primary radiators 22 can be deter 
mined. 

0070. It may be desirable for the field sensor 20 to be 
entirely wireless, as described in application Ser. No. 
10/029,473, entitled, “Wireless Position Sensor', or in appli 
cation Ser. No. 10/029,595, entitled, “Implantable and 
Insertable Passive Tags”, both of which are of common 
assignee here with and are incorporated herein by reference. 
0071. The ability of the control unit 26 to use the primary 
radiatorS 22 to determine the positions of the Secondary 
radiators 28, and to then derive the position of the probe 12, 
may be efficiently accomplished via driving and Sensing 
leads 40. However in Some embodiments, when a magnetic 
field is generated by the Sensor, the Secondary radiators 28 
can also be wireleSS devices. 

0.072 The secondary radiators 28 are typically placed at 
convenient places near to or on the skin of the body 16, for 
example, using an adhesive or by attachment to a belt (not 
shown). The secondary radiators 28 do not have to remain 
Stationary if the refresh rate of System is Sufficiently high, 
i.e., if the positions of the Secondary radiators are updated 
frequently by actuating the primary radiators. Indeed, for 
Some applications, it is advantageous to move the Secondary 
radiators 28 during a medical procedure. For example, the 
Secondary radiators 28 may be realigned Several times in 
order to track the motion of the probe 12 through a portion 
of the body 16. 

0.073 Reference is now made to FIG. 2, which schemati 
cally illustrates the relationships of a radiator arrangement 
42 that is operable in the system 10 (FIG. 1). The radiator 
arrangement 42 has three field transducers 44, 46, 48, which 
are preferably identical. The field transducers 44, 46, 48 may 
be placed at any desired location and orientation relative to 
one another, and have the functions of the Secondary radia 
tors 28 (FIG. 1). Magnetic fields 50 that are generated by the 
field transducers 44, 46, 48 encompass at least a portion of 
a probe 52 in an operational Space or mapping Space 54 of 
the field transducers, in which the Strength and orientation of 
the fields can be determined with a desired degree of 
accuracy. In particular, a field Sensor 56 attached to or 
incorporated in the probe 52 lies within the mapping Space 
54. 

0.074. A radiator 58 is shown representatively, and func 
tions as one of the primary radiators 22 (FIG.1). It generates 
a magnetic field 60. A plurality of magnetic fields of Similar 
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character, Such as a field 62 that is produced by another 
radiator 59 that is disposed at a distance from the field 
transducers 44, 46, 48. A mapping space 64 defined by the 
fields 60, 62 includes the field transducers 44, 46, 48. The 
mapping space 54 defined by the fields 50 is much smaller 
than the mapping Space 64. However the field gradients of 
the fields 50 are much greater than the field gradients of the 
fields 60, 62. The field strengths of the fields 50 is generally 
less than those of the fields 60, 62. In a typical medical 
application, using a preferred coil Size of 5-6 cm OD, 0.5 cm 
width, a working range of 10-15 cm. is achieved with a 
magnetic field strength 50-100 mG, and a field gradient of 
10-20 G/cm. 

0075. It is to be emphasized that the ability of the radiator 
arrangement 42 to operate with minimal location error in the 
presence of magnetically interfering objects is attributable to 
the high field gradient of the fields 50, particularly in the 
proximity of the field transducers 44, 46, 48. The error due 
to field change in the Sensor is translated to location error in 
one dimension as 

0076 where B is magnetic field strength. Therefore, the 
higher the value of 

B 

0077 the smaller is the error produced by field interfer 
ence. The field gradient falls off as 1/t", measured from the 
Source. Since the field transducers 44, 46, 48 are much closer 
to the field sensor 56 than the radiators 58, 59, the field 
gradient at the field sensor 56 of the fields 50, which are 
produced by the field transducers 44, 46, 48, is much greater 
than the field gradient of the fields 60, 62, which are 
produced by the radiators 58, 59. It is a further advantage of 
the radiator arrangement 42 that a desired field gradient at 
the field sensor 56 can be achieved with two sets of 
relatively weak magnetic fields, both of which have much 
Smaller field Strengths than would be required if only one Set 
of radiators were in employed in a practical medical envi 
ronment. Indeed, were only one Set of fields to be used, the 
required field Strength of Such a set would generally exceed 
the Sum of the field strengths of the two Sets of magnetic 
fields of the radiator arrangement 42. 
0078. In typical medical applications, the mapping space 
54 can be made Small enough So that many magnetically 
interfering objects, Such as a needle holder 66 are not 
included, even though they are included in the mapping 
Space 64. Some compensation may thus be required because 
of distortion of the fields 60, 62. However, since the field 
gradients of the fields 60, 62 are low, this effect is much less 
than would be the case were the needle holder 66 to lie in the 
mapping Space 54. As a result, the radiator arrangement 42 
is insensitive to magnetically interfering objects. 
0079 The position and angular orientation of any of the 
field transducers 44, 46, 48 can be fully deduced by actu 



US 2004/OO68178 A1 

ating the radiator 58 and the other primary radiators to 
produce magnetic fields, and detecting the resulting mag 
netic field components in the field transducers 44, 46, 48. 
The algorithm utilized in the above-noted international 
patent publication WO 94/04938 is used therein for an 
entirely different purpose, namely, location of a probe rela 
tive to multiple reference transducers which are already in 
known position relative to one another. Nonetheless, the 
algorithm can be applied directly to the problem of finding 
the position and orientation of the field transducers 44, 46, 
48. 

0080. Using this algorithm, and the field component 
magnitudes detected at an arbitrarily Selected one of the field 
transducers 44, 46, 48, the system arrives at an initial 
estimate of the location of the Selected field transducer 
relative to the radiator 58. Using that initial estimate and the 
detected field component magnitudes at the Selected field 
transducer, the System then calculates orientation angles of 
the detected fields. Using the newly calculated orientation 
angles, the System then calculates a better estimate of 
position. The last two steps are repeated until a new estimate 
of position matches the last previous estimate of position 
within a preselected tolerance. The procedure is repeated for 
the other ones of the field transducers 44, 46, 48, either in 
turn or simultaneously. Stated yet another way, the System 
converges to the correct position and orientation angles. 
Further details of the algorithm are given in the above-noted 
international patent publication WO 94/04938. The same 
algorithm can be used to find the location of the field Sensor 
56 with respect to each of the field transducers 44, 46, 48. 
Alternatively, other position determination procedures may 
be used, as described, for example, in the above-noted patent 
document WO 96/05768 or in U.S. Pat. Nos. 5,558,091, 
5,391,199, 5,443,489 and 5,377,678, all of which are incor 
porated herein by reference. 

0081. The system as shown in the figures provides redun 
dant information as to the relative dispositions of the field 
transducers. In an alternative embodiment, the radiator 
arrangement 42 can be modified to use fewer field trans 
ducers and thereby eliminate Some of the redundant infor 
mation. 

0082 The mapping range is defined by the secondary 
location pad Sensors, and in practice, the Sensor mapping 
range can extend up to 15 cm beyond that range. All the 
emitters of the Secondary location pad are required to be in 
the mapping range. 

0.083 Advantageously, the “recursive' use of a hierarchy 
of at least two levels of radiators enhances the accuracy of 
the determination of the location of the probe 12 in the body 
16. Coils of the secondary radiators 28, which may be 
constructed as disclosed in the above-noted international 
patent publication WO97/29683, preferably have a diameter 
of about 5-6 cm. The coils of the primary radiators 22, are 
much larger than those of the Secondary radiators 28, and are 
typically 10 cm. in diameter. The Smaller coils produce a 
higher magnetic field gradient in their vicinity than do the 
larger coils. This high-gradient field, in turn, provides 
sharper resolution of the position of the probe 12. Notably, 
using Small coils in a fixed location pad, Such as that used 
in the above-mentioned Carto System, would not be practi 
cal, as the high gradient field would decline in Strength too 
quickly, prior to reaching the probe 12. If, on the other hand, 
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high-gradient Small coils were integrated into the location 
pad, and the power were simply increased, So as to guarantee 
a sufficiently large field strength at the probe 12, difficulties 
due to noise produced by eddy currents in nearby electro 
conductive objects would likely Surface. 
0084. Referring again to FIG. 1 and FIG. 2, the radiating 
power required and the measurement error both increase as 
r" (nd 1), where r is the radius of the mapping space. By using 
primary radiators having a large field strength, but a rela 
tively low field gradient, in combination with Secondary 
radiators disposed closer to the probe and having a large 
field gradient but a relatively low field Strength, as described 
herein, the total error in the position determination of the 
probe 12 is reduced. Thus, the system 10 (FIG. 1) provides 
both Superior resolution in determining the relative coordi 
nates of the probe 12 within the area of operations, using the 
high-gradient Secondary radiators, and Superior absolute 
positioning accuracy with respect to a fixed coordinate 
System, using the primary and Secondary radiators in com 
bination. It is also leSS prone to interference due to conduc 
tive objects in the mapping Space, Such as the needle holder 
66 (FIG. 2), than a system using only low-gradient primary 
radiators would typically be. 
0085) Reference is now made to FIG. 3, which is a flow 
chart illustrating a method of locating a probe in accordance 
with a preferred embodiment of the invention. The disclo 
sure of FIG. 3 should be read in conjunction with FIG. 1. 
The process steps in FIG. 3 are shown in an exemplary 
order. However, they can be performed in different orders, so 
long as all information necessary to calculate the position 
and optionally the orientation of the probe is collected. It 
may be desirable to execute Some of the proceSS Steps 
Simultaneously, in order to improve the refresh rate. 
0086 The procedure begins at initial step 68, wherein the 
System is configured. The primary radiators 22 are posi 
tioned at fixed, known locations, which are relatively remote 
from the area of operations 14 of the probe 12. The second 
ary radiators 28 are positioned generally between the pri 
mary radiators 22 and the probe 12. The probe 12 is 
introduced into the area of operations 14. At this point, the 
probe 12 lies within the mapping space of the Secondary 
radiators 28, as shown in FIG. 2. The secondary radiators 28 
all lie within the mapping space of the primary radiators 22. 
The mapping Space of the primary radiators 22 is larger than 
that of the secondary radiators 28. 
0087 Next, at step 70, one of the primary radiators 22 is 
Selected. Its position relative to each of the Secondary 
radiators 28 needs to be determined. This Step is equivalent, 
of course, to determining the position of each of the Sec 
ondary radiators relative to the fixed primary radiator. 
0088 Control now passes to step 72. One of the second 
ary radiators 28 is selected. Next, at step 74, the relative 
positions of the primary and Secondary radiators Selected in 
Step 70 and Step 72 are determined, again according to the 
method disclosed in the above-noted international patent 
publication WO 94/04938 or any other suitable method 
known in the art. 

0089 Next, at decision step 76, it is determined whether 
the relative positions of more Secondary radiators 28 remain 
to be determined with respect to the primary radiator that 
was selected in step 70. If the determination at decision step 
76 is affirmative, then control returns to step 72. 
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0090. If the determination at decision step 76 is negative, 
then control proceeds to decision step 78, where it is 
determined if the relative positions of more primary radia 
torS 22 remain to be determined with respect to the Second 
ary radiators 28. If the determination at decision step 78 is 
affirmative, then control returns to step 70. 
0091) If the determination at decision step 78 is negative, 
then control proceeds to step 80. Here the secondary radia 
tors 28 are actuated in turn, and their relative positions with 
respect to one another are determined according to the 
method given above, and disclosed in further detail in the 
above-noted international patent publication WO94/04938. 
It should be noted that step 80 can optionally be omitted if 
loSS of redundant information can be tolerated. It may be 
desirable to redetermine the relative positions of the Sec 
ondary radiators 28 when magnetically interfering objects 
are being introduced into the area, or are being redeployed 
therein. However, if the magnetic environment is known to 
be stable, then the refresh rate can be increased by omitting 
step 80. Omission of step 80 is particularly advantageous 
when the probe 12 is rapidly changing its position or 
orientation. Of course, if the Secondary radiators 28 are 
shifted, then performance of step 80 becomes more useful. 
It will be recalled that the positions of the primary radiators 
22 are fixed, and thus provide known points of reference. In 
Some embodiments, step 80 may even be repeated for 
purposes of more precise calibration, in order to assure that 
the geometry of the System has not been altered. 
0092 Next at step 82, one of the secondary radiators 28 
is selected. Then at Step 84, the radiator that was chosen in 
Step 82 is activated. The relative position and angular 
alignment of the probe 12 and the radiator that was chosen 
in Step 82 are determined, again according to the method 
disclosed in the above-noted international patent publication 
WO 94/04938 or other methods known in the art. 
0093. Next, at decision step 86, it is determined if more 
secondary radiators 28 remain to be activated. If the deter 
mination at decision step 86 is affirmative, then control 
returns to step 82. 
0094. If the determination at decision step 86 is negative, 
then control proceeds to final Step 88. At this stage, all 
necessary information has been collected. The position of 
the probe 12, and its angular orientation are now calculated 
with respect to the coordinate System 24, using the computer 
30. This calculation is accomplished by coordinate transfor 
mation, Since the relative positions of each of the probe 12, 
the primary radiators 22, and the Secondary radiators 28 are 
all known with respect to one another. 
0.095. It will be evident from the foregoing disclosure, 
that the technique of determining the location of an object by 
recursive reference to Successive Systems of radiators need 
not be limited to two levels of radiators as shown above. The 
technique can readily be applied to an arbitrary number of 
levels of radiator systems. Measurement error can be further 
controlled by varying the number of radiators in a level. 
Generally the larger the number of radiators, the more 
redundant information can be employed for error checking, 
using known techniques Such as arbitration, averaging, and 
rejection of Statistical outliers. However, Such increased 
reliability is obtained at a cost of an increased computational 
load that may reduce the refresh rate. 
0096. It also will be evident from a consideration of the 
above-noted international patent publication WO94/04938, 
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that the method disclosed in FIG. 3 can be modified, 
wherein the probe 12 is caused to generate a field, and the 
secondary radiators 28 detect this field and determine its 
Strength and orientation. Similarly, the primary radiators 22 
can Sense a field generated by the Secondary radiators 28. 
Many combinations of field generation and field Sensing by 
the elements of the system 10 can be employed. 
0097. It will be appreciated by persons skilled in the art 
that the present invention is not limited to what has been 
particularly shown and described hereinabove. Rather, the 
Scope of the present invention includes both combinations 
and Sub-combinations of the various features described 
hereinabove, as well as variations and modifications thereof 
that are not in the prior art which would occur to perSons 
skilled in the art upon reading the foregoing description. 

1. A method for locating a field probe, comprising the 
Steps of 

disposing a first group comprising a plurality of first field 
elements at known locations, 

disposing a Second group comprising a plurality of Second 
field elements within an operational Space of Said first 
field elements; 

disposing Said field probe within an operational Space of 
Said Second field elements, 

a first transmitting Section being defined by one of a 
portion of said first group and a portion of said second 
grOup, 

a first receiving Section being defined by another of Said 
portion of Said first group and a portion of Said Second 
group, wherein at least one of Said first transmitting 
Section and Said first receiving Section has at least two 
members, 

a Second transmitting Section being defined by one of Said 
Second group and Said field probe, 

a Second receiving Section being defined by another of 
Said Second group and Said field probe; 

actuating Said first transmitting Section and Said first 
receiving Section to produce at least one first generated 
field; 

making a first measurement of Said first generated field in 
Said first receiving Section; 

responsive to Said first measurement calculating a first 
estimated location of each member of Said first trans 
mitting Section relative to each member of Said first 
receiving Section; 

actuating Said Second transmitting Section and Said Second 
receiving Section to produce at least one Second gen 
erated field; 

making a Second measurement of Said Second generated 
field in Said Second receiving Section; 

responsive to Said Second measurement calculating a 
Second estimated location of each member of Said 
Second transmitting Section relative to each member of 
Said Second receiving Section; and 
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using Said first estimated location and Said Second esti 
mated location to calculate a location of Said field probe 
relative to said first field elements. 

2. The method according to claim 1, further comprising 
the Steps of repeating Said steps of making Said first mea 
Surement, and calculating Said first estimated location until 
said first estimated location of each of Said first field 
elements to one of Said Second field elements has been 
calculated. 

3. The method according to claim 2, further comprising 
the Steps of repeating Said steps of making Said first mea 
Surement, and calculating Said first estimated location until 
said first estimated location of each of Said first field 
elements to each of Said Second field elements has been 
calculated. 

4. The method according to claim 1, further comprising 
the Steps of repeating Said steps of making Said Second 
measurement, and calculating Said Second estimated loca 
tion, until Said Second estimated location of each of Said 
second field elements relative to said field probe has been 
calculated. 

5. The method according to claim 1, wherein said first 
generated field and Said Second generated field are magnetic 
fields. 

6. The method according to claim 1, wherein Said first 
measurement and Said Second measurement comprise field 
Strength measurements. 

7. The method according to claim 1, wherein Said Step of 
further comprising the Steps of: 

determining an orientation of Said first generated field; 
and using Said orientation to calculate a directional 
orientation of said field probe with respect to said first 
field elements. 

8. The method according to claim 1, wherein said first 
group comprises three Said first field elements, and Said 
Second group comprises three Said Second field elements. 

9. The method according to claim 1, wherein a field 
gradient of Said Second generated field exceeds a field 
gradient of Said first generated field. 

10. The method according to claim 1, wherein a field 
Strength of Said first generated field exceeds a field Strength 
of Said Second generated field. 

11. The method according to claim 1, wherein Said Step of 
disposing Said Second field elements is performed by dis 
posing Said Second field elements in a region located 
between said field probe and said first field elements. 

12. A method for locating a field probe, comprising the 
Steps of: 

disposing a plurality of first field generating elements at 
known locations, 

disposing a plurality of Second field generating elements 
within an operational Space of Said first field generating 
elements, 

disposing Said field probe in an operational Space of Said 
Second field generating elements, 

energizing each of Said Second field generating elements 
and making first measurements of respective first gen 
erated fields thereof at said field probe; 

responsive to Said first measurements calculating a first 
position of said field probe relative to said second field 
generating elements, 
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energizing each of Said first field generating elements, and 
making Second measurements of respective Second 
generated fields thereof in Said Second field generating 
elements, 

responsive to Said Second measurements calculating 
respective Second positions of Said Second field gener 
ating elements relative to Said first field generating 
elements, and 

using Said first position and Said Second positions to 
calculate a location of Said field probe relative to Said 
known locations. 

13. The method according to claim 12, further comprising 
the Steps of repeating Said Steps of energizing Said first field 
generating elements, energizing Said Second field generating 
elements, making first measurements, making Second mea 
Surements, and 

recalculating Said Second positions until a new estimate of 
Said location of Said field probe matches a previous 
estimate of said location of said field probe within a 
preSelected tolerance. 

14. The method according to claim 12, wherein said first 
measurements and Said Second measurements comprise field 
Strength measurements. 

15. The method according to claim 12, wherein said step 
of making first measurements is performed by the Steps of: 

determining an orientation of Said first generated fields, 
and using Said orientation of Said first generated fields 
to calculate an angular orientation of Said field probe 
with respect to Said first field generating elements. 

16. The method according to claim 12, wherein said first 
field generating elements comprise three first field generat 
ing elements, and Said Second field generating elements 
comprise three Second field generating elements. 

17. The method according to claim 12, wherein a field 
gradient of Said Second generated fields exceeds a field 
gradient of Said first generated fields. 

18. The method according to claim 12, wherein a field 
Strength of Said first generated fields exceeds a field Strength 
of Said Second generated fields. 

19. The method according to claim 12, wherein said step 
of disposing Said Second field generating elements is per 
formed by disposing Said Second field generating elements 
in a region located between Said field probe and Said first 
field generating elements. 

20. An apparatus for locating an object, comprising: 
a plurality of first field generating elements disposed at 
known locations, 

a plurality of Second field generating elements disposed 
within an operational Space of Said first field generating 
elements, 

a field probe attached to Said object; 
an energizer for energizing Said first field generating 

elements and Said Second field generating elements in 
a desired Sequence to generate respective first gener 
ated fields and Second generated fields, wherein a first 
Signal is generated by Said field probe responsive to 
Said Second generated fields, and a Second Signal is 
generated by Said Second field generating elements 
responsive to Said first generated fields, and 
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a calculator, coupled to receive and process Said first 
Signal So as to determine a first position of Said field 
probe with respect to Said Second field generating 
elements, and to receive and proceSS Said Second Signal 
So as to determine Second positions of Said Second field 
generating elements relative to Said first field generat 
ing elements, and adapted to calculate a location of Said 
object relative to Said known locations based on Said 
first position and Said Second positions. 

21. The apparatus according to claim 20, wherein Said 
calculator is adapted to calculate an angular orientation of 
Said field probe responsive to Said first Signal and Said 
Second signal. 

22. The apparatus according to claim 20, wherein Said first 
field generating elements comprise three first field generat 
ing elements, and Said Second field generating elements 
comprise three Second field generating elements. 

23. The apparatus according to claim 20, wherein a field 
gradient of Said Second generated fields exceeds a field 
gradient of Said first generated fields. 

24. The apparatus according to claim 20, wherein a field 
Strength of Said first generated fields exceeds a field Strength 
of Said Second generated fields. 

25. The apparatus according to claim 20, wherein Said 
Second field generating elements are disposed in a region 
located between said field probe and Said first field gener 
ating elements. 

26. The apparatus according to claim 20, further com 
prising a transmitter connected to Said Second field gener 
ating elements, wherein an output of Said Second field 
generating elements is communicated to Said calculator via 
a wireleSS channel. 

27. The apparatus according to claim 20, wherein Said first 
field generating elements and Said Second field generating 
elements comprise coils, which are adapted to generate 
magnetic fields when energized. 

28. The apparatus according to claim 27, wherein Said 
coils of Said first field generating elements are larger in 
diameter than Said coils of Said Second field generating 
elements. 

29. A method for locating a field probe in a body of a 
living Subject, comprising the Steps of: 

disposing a plurality of first field elements at known 
locations, Said first field elements being capable of 
Sensing fields; 

disposing a plurality of Second field elements within an 
operational Space of Said first field elements, Said 
Second field elements being capable of generating 
fields, said first field elements and said second field 
elements being disposed external to Said body; 

disposing Said field probe in an operational Space of Said 
Second field elements inside Said body, Said field probe 
being capable of Sensing fields, 

energizing each of Said Second field elements and making 
first measurements of respective generated fields 
thereof at Said field probe and making Second measure 
ments of Said respective generated fields at each of Said 
first field elements; 

responsive to Said first measurements calculating a first 
position of said field probe relative to said second field 
elements, 
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responsive to Said Second measurements calculating 
respective Second positions of Said Second field ele 
ments relative to Said first field elements, and 

using Said first position and Said Second positions to 
calculate a location of Said field probe relative to Said 
known locations. 

30. The method according to claim 29, wherein said fields 
are magnetic fields. 

31. The method according to claim 29, further comprising 
the Steps of repeating Said Steps of energizing, making Said 
first measurements, and making Said Second measurements, 
and 

recalculating Said location of Said field probe until a new 
estimate of Said location of Said field probe matches a 
previous estimate of Said location of Said field probe 
within a preselected tolerance. 

32. The method according to claim 29, wherein said first 
measurements and Said Second measurements comprise field 
Strength measurements. 

33. The method according to claim 29, further comprising 
the Steps of: 

determining an orientation of Said generated fields, and 
using Said orientation to calculate an angular alignment 
of said field probe with respect to said first field 
elements. 

34. The method according to claim 29, wherein said first 
field elements comprise three first field elements, and Said 
Second field elements comprise three Second field elements. 

35. The method according to claim 29, wherein said step 
of disposing Said Second field elements is performed by 
disposing Said Second field elements in a region located 
between said field probe and said first field elements. 

36. A method for locating a field probe in a body of a 
living Subject, wherein the field probe is a medical instru 
ment having a Sensor attached thereon, comprising the Steps 
of: 

disposing a plurality of first field generating elements at 
known locations external to Said body; 

disposing a plurality of Second field generating elements 
external to Said body and within an operational Space of 
Said first field generating elements, Said Second field 
generating elements being capable of Sensing fields; 

disposing Said field probe in an operational Space of Said 
Second field generating elements inside Said body; 

energizing each of Said Second field generating elements 
and making first measurements of respective first gen 
erated fields thereof at said field probe; 

responsive to Said first measurements calculating a first 
position of said field probe relative to said second field 
generating elements, 

energizing each of Said first field generating elements, and 
making Second measurements of respective Second 
generated fields thereof in Said Second field generating 
elements, 

responsive to Said Second measurements calculating 
respective Second positions of Said Second field gener 
ating elements relative to Said first field generating 
elements, and 
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using Said first position and Said Second positions to 
calculate a location of Said field probe relative to Said 
known locations. 

37. The method according to claim 36, wherein said fields 
are magnetic fields. 

38. The method according to claim 36, further comprising 
the Steps of: 

repeating Said Steps of energizing each of Said first field 
generating elements, energizing each of Said Second 
field generating elements, making first measurements, 
and making Second measurements, and 

recalculating Said Second positions until a new estimate of 
Said location of Said field probe matches a previous 
estimate of said location of said field probe within a 
preSelected tolerance. 

39. The method according to claim 36, wherein said first 
measurements and Said Second measurements comprise field 
Strength measurements. 

40. The method according to claim 36, further comprising 
the Step of determining an orientation of Said first generated 
fields, and using Said orientation to calculate an angular 
alignment of said field probe with respect to said first field 
generating elements. 

41. The method according to claim 36, wherein said first 
field generating elements comprise three first field generat 
ing elements, and Said Second field generating elements 
comprise three Second field generating elements. 

42. The method according to claim 36, wherein a field 
gradient of Said Second generated fields exceeds a field 
gradient of Said first generated fields. 

43. The method according to claim 36, wherein a field 
Strength of Said first generated fields exceeds a field Strength 
of Said Second generated fields. 

44. The method according to claim 36, wherein said step 
of disposing each of Said Second field generating elements is 
performed by disposing Said Second field generating ele 
ments in a region located between Said field probe and Said 
first field generating elements. 

45. An apparatus for locating an object within a body of 
a living Subject, comprising: 

a plurality of first field generating elements disposed at 
known locations external to Said body; 

a plurality of Second field generating elements disposed 
external to Said body and within an operational Space of 
Said first field generating elements, 

a field Sensor attached to Said object; 
an energizer for energizing Said first field generating 

elements and Said Second field generating elements in 
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a desired Sequence to generate respective first gener 
ated fields and Second generated fields, wherein a first 
Signal is generated by Said field Sensor responsive to 
Said Second generated fields, and a Second Signal is 
generated by Said Second field generating elements 
responsive to Said first generated fields, and 

a calculator, coupled to receive and proceSS Said first 
Signal So as to determine a first position of Said field 
Sensor with respect to Said Second field generating 
elements, and to receive and proceSS Said Second Signal 
So as to determine Second positions of Said Second field 
generating elements relative to Said first field generat 
ing elements, and adapted to calculate a location of Said 
object inside Said body relative to Said known locations 
based on Said first position and Said Second positions. 

46. The apparatus according to claim 45, wherein Said 
fields are magnetic fields. 

47. The apparatus according to claim 45, wherein Said 
calculator is adapted to coordinate with Said energizer to 
iteratively calculate Said first position and Said Second 
positions until a predetermined degree of accuracy has been 
achieved. 

48. The apparatus according to claim 45, wherein Said 
calculator is adapted to calculate an angular orientation of 
Said field Sensor responsive to Said first Signal and Said 
Second signal. 

49. The apparatus according to claim 45, wherein Said first 
field generating elements comprise three first field generat 
ing elements, and Said Second field generating elements 
comprise three Second field generating elements. 

50. The apparatus according to claim 45, wherein a field 
gradient of Said Second generated fields exceeds a field 
gradient of Said first generated fields. 

51. The apparatus according to claim 45, wherein a field 
Strength of Said first generated fields exceeds a field Strength 
of Said Second generated fields. 

52. The apparatus according to claim 45, wherein Said 
Second field generating elements are disposed in a region 
located between Said field Sensor and Said first field gener 
ating elements. 

53. The apparatus according to claim 45, further com 
prising a transmitter connected to Said Second field gener 
ating elements, wherein an output of Said Second field 
generating elements is communicated to Said calculator via 
a wireleSS channel. 

54. The apparatus according to claim 45, wherein coils of 
Said first field generating elements are larger in diameter 
than coils of Said Second field generating elements. 
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